High-impedance faults (HIFs) 
INTRODUCTION
In China and continental Europe, resonant grounding systems exist largely in medium-voltage distribution networks. Because of the natural environment, low overhead line and other factors, single-phase HIFs frequently occur when the conductors break and fall to the ground or when the conductors touch the tree branches [1] . HIFs account for 12% of all grounded faults in France [2] . HIF detection in a resonant grounding system is still a considerable challenge because the fault current can decrease to less than 2 A and the fault point is unstable. HIF detection methods for a resonant grounding system are less established. Reference [3] uses the phasor relationship of the three-phase current variation before and after the fault to calculate the admittance to ground; the faulty feeder has the largest admittance to ground. However, the three-phase currents are influenced by the inconsistency of the Current Transformers (CTs) of the three phases, which affects the practical application performance. Reference [4] uses the active power component of the zero-sequence power frequency current to determine the faulty feeder in the HIF. The HIF active current is small and influenced by the transmission error of CT and potential transformer (PT), which will also affect the practical application performance. References [5] , [6] perform the integration of the zero-sequence current of all feeders from the time when the zerosequence voltage is zero up to the actual trigger time. The faulty feeder is the one in which the integration of the zero-sequence current is no longer proportional to the zero sequence voltage. The practical application performance is good, but the integration accumulates error easily, and the linear relation and nonlinear relation judgment are strongly influenced by the subjective factors. Thus, the algorithm must be further improved. In addition, the study of HIF location is relatively less, fresh rare to relevant results. In this paper, an HIF equivalent circuit is established in a resonant grounding system. The magnitude and phase relationships of transient currents among the faulty feeder, healthy feeders, detection points and fault points, as well as the relationships between their projection coefficient with respect to the transient voltage are analyzed. A novel transient approach for a resonant grounding system is proposed. The new method uses the projection coefficient of transient current with respect to transient voltage to detect the HIF.The feasibility of the proposed method are verified by simulations and field data.
IDENTIFICATION METHOD OF HIF IN RESONANT GROUNDING SYSTEM

Analysis of the transient electric quantities in HIF
Based on reference [7] , the equivalent circuit which is suitable for the analysis of HIF detection in resonant grounding systems can be established and is shown in Fig.1 . The system has n feeders (the faulty feeder is named feeder n). In Fig.1 , u f is the virtual voltage source at the fault point, u C is the zero-sequence voltage, L p is 3 times of the inductance of Petersen coil, R is three times as much as the transition resistance at the fault point. i Lp and i f are the zero-sequence current of the Petersen coil and the fault point, respectively. In the upstream part of the fault point, C j (j = 1, 2,..., j,... n-1) is the zerosequence distributed capacitance to the ground for each healthy feeder, i j is the zero-sequence current for every healthy feeder ,i n is the zero-sequence current for faulty feeder. Assuming that there are m detection points (Q m ) in the faulty feeder, the faulty feeder can be divided into m sections. C nk (k= 1, 2,...,i, m)is the zero-sequence distributed capacitance to the ground for the first k section, i Qk is the zero-sequence current for the first k detection point ,then i n = i Q1 is got; 
Um is the peak value of virtual voltage source at the fault point, θ is the fault inception angle. When R is in the following range:
the system is in the under-damping state. The underdamping state is the main state of an HIF.
The transient current at the fault point (transient zerosequence current component is referred to as the transient current，the same below)can be expressed as
where
The transient voltage of the bus can be expressed as
The transient current of healthy feeders, which is equal to its capacitance ground transient current, can be expressed as
The transient current of the faulty feeder can be expressed as
The transient current at the detection point k(k=i+1,i+2,…,m) of the downstream of the fault point can be expressed as：
The transient current at the detection point k(k=1,2,…,i)of the upstream of the fault point can be expressed as： 
Faulty feeder selection method of HIF
The healthy feeder's projection coefficient of the transient current with respect to transient voltage at the bus can be expressed as follows,
The faulty feeder's projection coefficient can be expressed as follows,
From former section, it can be learnt that ξ n >>ξ j (13) the ξ n has reverse polarity with ξ j , and the magnitude of ξ n is always larger than those of ξ j and can be used to identify the faulty feeder. By comparing each feeder's projection coefficient's magnitude and polarity, the feeder with the highest magnitudes and reverse polarity is the faulty feeder. If all the polarities of the projections are the same, it is a bus fault. projection coefficient. The section whose γ cd >ρ T is the fault section. If no section satisfies this condition, the fault section is at the end of the feeder.
Location method of HIF
SYSTEM STRUCTURE ADAPTED TO HIF FEEDER IDENTIFICATION
System structure
The HIF identification system is composed of line selection device installed in the substation, feeder terminal unit (FTU) installed on feeder's each detection point, the master station installed on the control center and communication network. The main advantage is that:
(1) It can determine the faulty feeders, improves the reliability of localization; (2)It can provide the fault information at outlet and eliminate blind area of location; (3) It can improve the anti-interference ability.
The overall structure of the fault location system in distribution network is shown in Fig.2 .
... 
Optical fiber communication
m Q F 1 m S 2 m S ( 1) m n S  FTUAm 1 FTUm 2 FTUm 3 FTUm ( 1) FTUm n  ... 3 m S ... 2 QF 21 S 22 S 2( 1) n S  23 S 2 FTUA 21 FTU 22 FTU 23 FTU 2( 1) FTU n  ... 1 QF 11 S 12 S 1( 1) n S  13 S 1 FTUA 11 FTU 12 FTU 13 FTU 1( 1)
Process for faulty feeder identification
The implementation of the criterion is shown in Fig. 3 . 
Verification of the simulation
The distributed parameter-based ATP simulation model for a typical 110 kV/10 kV distribution system is shown in Fig. 4 .For a Petersen coil grounding network, the system is set to be over-compensated, with 108% compensation. The network comprises three mixed feeders with overhead lines and cables (feeders 1, 2 and 3) together with two cable feeders (feeders 4 and 5). HIFs occur in phase A of feeder 5. Fig.4 , respectively, and feeder 5 is the faulty feeder. Assuming that under-damping (R f = 1500 Ω) fault occurred at K2 which is 7 km away from the bus on feeder 5, fault inception angle is 45°. To make the graphics more intuitive, only the typical waveforms of three feeders (faulty feeder and two healthy feeders) are drawn; the other two healthy feeders are proportional to feeders 1 and 4. The projection current into the healthy feeders is amplified in order to make the reverse polarity of the currents clear in Fig. 5 (b) . Table 1 
Verification of the field data
To verify the reliability of the method, we selected groups of field data, e.g., a group of field data from Zhoubang substation, Qingpu district, Shanghai, China in 2015. The system is 35/10 kV and the fault bus has 8 feeders. Feeder 'Zhou24' is the faulty feeder, and feeders 'Zhou 22' and 'Zhou 28' are healthy feeders with the highest relative current magnitudes. The projection current into the healthy feeders is amplified in order to make the reverse polarity of the currents clear in Fig. 5 (b) . Fig.6(b) that, on the healthy feeder, the magnitude of transient current projection with respect to the transient voltage of the bus is far less than that of faulty feeder. They share completely reverse polarity and have obvious fault obvious fault characteristics. It's consistent with the theoretical analysis, which can be used to select the faulty feeder.
CONCLUSIONS
For a resonant grounding system, the transient process of a HIF is the parallel resonance between the system capacitance to ground and the Petersen coil. By calculating and analyzing the transient current projection coefficient of each feeder and detection point with respect to the transient voltage, it can be learnt that the magnitude of transient current projection coefficient of healthy feeders is far less than that of faulty feeder. They share completely reverse polarity. It can also be learnt that the magnitude of transient current projection of detection point on the downstream of the fault point is far less than that of detection point on the upstream of the fault point. They share completely reverse polarity, too. According to the difference of magnitude and polarity, detection method for HIF is put forward. The schematic diagram of system results and the flow chart of algorithm are provided.
